The principle of electrochromic modulation of excited-state intramolecular proton-transfer reaction was applied for the design of fluorescence probes with high two-color sensitivity to dipole potential, ⌿ d, in phospholipid bilayers. We report on the effect of ⌿ d variation on excitation and fluorescence spectra of two new 3-hydroxyflavone probes, which possess opposite orientations of the fluorescent moiety in the lipid bilayer. The dipole potential in the bilayer was modulated by the addition of 6-ketocholestanol or phloretin and by substitution of dimyristoyl phosphatidylcholine lipid with its ether analog 1,2-di-o-tetradecylsn-glycero-3-phosphocholine, and its value was estimated by the reference styryl dye 1-(3-sulfonatopropyl)-4-{␤[2-(di-noctylamino)-6-naphthyl]vinyl}pyridinium betaine. We demonstrate that after ⌿ d changes, the probe orienting in the bilayer similarly to the reference dye shows similar shifts in the excitation spectra, whereas the probe with the opposite orientation shows the opposite shifts. The new observation is that the response of 3-hydroxyflavone probes to ⌿ d in excitation spectra is accompanied by and quantitatively correlated with dramatic changes of relative intensities of the two well separated emission bands that belong to the initial normal and the product tautomer forms of the excited-state intramolecular proton-transfer reaction. This provides a strong response to ⌿ d by change in emission color.
The principle of electrochromic modulation of excited-state intramolecular proton-transfer reaction was applied for the design of fluorescence probes with high two-color sensitivity to dipole potential, ⌿ d, in phospholipid bilayers. We report on the effect of ⌿ d variation on excitation and fluorescence spectra of two new 3-hydroxyflavone probes, which possess opposite orientations of the fluorescent moiety in the lipid bilayer. The dipole potential in the bilayer was modulated by the addition of 6-ketocholestanol or phloretin and by substitution of dimyristoyl phosphatidylcholine lipid with its ether analog 1,2-di-o-tetradecylsn-glycero-3-phosphocholine, and its value was estimated by the reference styryl dye 1-(3-sulfonatopropyl)-4-{␤[2-(di-noctylamino)-6-naphthyl]vinyl}pyridinium betaine. We demonstrate that after ⌿ d changes, the probe orienting in the bilayer similarly to the reference dye shows similar shifts in the excitation spectra, whereas the probe with the opposite orientation shows the opposite shifts. The new observation is that the response of 3-hydroxyflavone probes to ⌿ d in excitation spectra is accompanied by and quantitatively correlated with dramatic changes of relative intensities of the two well separated emission bands that belong to the initial normal and the product tautomer forms of the excited-state intramolecular proton-transfer reaction. This provides a strong response to ⌿ d by change in emission color. 3 -hydroxyflavone dyes ͉ two-color ratiometric probes S ome of the biological membrane properties are not easy to address and evaluate. One of them is the dipole potential, ⌿ d , and its dependence on the bilayer composition. ⌿ d is the potential formed between the highly hydrated lipid heads at the membrane surface and the low-polar interior of the bilayer (1, 2) . It arises from the aligned dipolar residues of phospholipid molecules, with the participation of hydration water molecules on the level of their carbonyl and phosphate groups. ⌿ d produces a strong virtual positive charge in the bilayer center and is thought to be responsible for many membrane properties as, for instance, the substantial (up to 6 orders of magnitude) difference in the penetration rates between positively and negatively charged hydrophobic ions (3, 4) . Meanwhile, the exact ⌿ d values, the role and quantitative contribution of each of its chemical determinants, and the distribution of ⌿ d across the bilayer are debated (5, 6) . The estimates of the absolute ⌿ d values for phosphatidylcholine bilayers vary from Ϫ280 mV, as evaluated from different penetration rates of hydrophobic ions (4), to Ϫ500 mV, as computed from molecular dynamic simulation data (7) . Direct measurements of this potential, which are possible only on phospholipid air-water or water-mercury monolayers (5, 6) , support the ⌿ d existence but disagree quantitatively with the ⌿ d values obtained in bilayers (8, 9) .
There are probably several sites for ⌿ d generation. Because of their orientation normal to the bilayer plane, the sn 2 -carbonyls are thought to be the primary determinants (1, 2, 4, 10) , whereas the sn 1 -carbonyls oriented parallel to the bilayer plane are thought to provide only a small influence (Fig. 1) . Other contributions to ⌿ d derive from the Ϫ PON ϩ dipole (11) and from the PAO bonds of phosphate groups (12) . Additionally, the polarized dipoles of hydration water, which can be ordered and oriented perpendicular to the bilayer plane (7, 10, 13) , may also contribute to ⌿ d generation. The presence of these highly polarized and hydrogen-bonded water molecules on the level of phosphate and even ester groups has been inferred by different methods (14, 15) , but the connection between the dipole potential and bilayer hydration is still unclear.
Moreover, the influence on ⌿ d of several factors modifying the properties of bilayer was described (Fig. 1) . It was reported that phloretin, a compound with one carbonyl and four hydroxylic groups, strongly reduces the ⌿ d value (4, (16) (17) (18) , whereas sterols including cholesterol increase it. One of the sterol compounds with a strong ⌿ d increasing effect is 6-ketocholestanol (6-KC) (4, 19) . Furthermore, the removal of sn-carbonyls, which is realized in ether phospholipids, is an other mean to decrease ⌿ d (10) .
Because direct ⌿ d measurement in the bilayer is not possible, a number of indirect methods have been suggested. The most universal, sensitive, and simple-in-performance method is based on fluorescence probes. Its application is not destructive and provides the possibility of sensing electrostatic effects at the molecular level. Moreover, its sensitivity allows the use of probe concentrations in the 10
Ϫ6
to 10
Ϫ8
M range, giving probe͞lipid ratios Յ1:100. In this respect, styryl dyes, which were primarily designed as fast-responding probes for transmembrane potential (20) , were later suggested as ⌿ d sensors (21) (22) (23) ). Their response is based on electrochromism (Stark effect), resulting in shifts of absorption and emission bands under the influence of an electric field (24) . These dyes were designed in such a way that their charged group is anchored to the lipid heads, and the rod-like chromophore is oriented across the bilayer by attachment of hydrocarbon tails at the opposite side of the molecule. The basic mechanism of electrochromic charge transfer imposes some limits to the extent of probe response that could not be overcome by modification of the chromophore moiety. Therefore, to increase fluorescence sensitivity to ⌿ d , new probes responding by a different mechanism have to be designed.
In this respect, an interesting observation was performed recently on charged 3-hydroxyflavone (3HF) derivatives (25). These molecules exhibit an excited-state intramolecular protontransfer (ESIPT) reaction and consequently a dual fluorescence with two emission bands, corresponding to the initially excited normal (N*) and reaction product tautomer (T*) forms (26) . The introduction of charges in proximity but not in direct conjugation with the chromophore not only shifts the absorption and emission bands in accordance with electrochromic mechanisms but also changes dramatically the intensity ratio of the N* and T* band in accordance with the spectral shifts (25). Thus, we describe a previously uncharacterized phenomenon, the electrochromic modulation of ESIPT reaction. This modulation has opened possibilities for convenient and sensitive observation of electrostatic field effects by recording the dramatic changes in emission color, which can hardly be achieved by the common electrochromic dyes. Recently we reported on newly synthesized membrane probes based on 3HF (27) . These probes possess charged groups to anchor the chromophore to the membrane surface and hydrophobic substituents to orient them toward the low-polar part of the bilayer. In the present study, two members of this family with the 3HF moiety oriented in opposite directions with respect to the phospholipid bilayer plane are investigated. These probes were incorporated into phospholipid vesicles, and the dependence of their fluorescence properties on the dipole potential was investigated. The dipole potential was varied either by the addition of phloretin and 6-KC or by substitution of phospholipids with corresponding ether derivatives. The response of the probes was compared with that of the reference electrochromic dye 1- (21) . The results demonstrate that the probes operating by the ESIPT principle are prospective sensors for dipole potential in biomembranes.
Theory
The physical background of the response of 3HF dyes to applied electric fields is electrochromism (Stark effect) (25). It consists in the shifts of light absorption and emission bands caused by the interaction of an electric field with the ground-state and excitedstate dipole moments of the chromophore (24) . In the simplest dipole approximation that disregards electronic polarization effects, the direction and magnitude of the shift, ⌬ obs , is proportional to the electric field vector F ជ , and the change of dipole moment associated with the spectroscopic transition ⌬ ជ ,
where is the angle between ⌬ ជ and F ជ vectors, and ef is a microscopic analog of dielectric constant , which accounts for dielectric screening. Thus, to show maximal sensitivity to electrostatic potential, the probe should exhibit substantial change of its dipole moment ជ on electronic excitation, which implies a substantial redistribution of the electronic charge density. Furthermore, the probe should be located in low-polar environment (low ef ) and oriented parallel (cos ϭ 1) or antiparallel (cos ϭ Ϫ1) to the electric field. Styryl dyes with electron-donor and electron-acceptor substituents at the opposite ends of the rodshaped conjugated -electronic systems are among the bestknown electrochromic dyes (20) (21) (22) (23) . They exhibit strong excitedstate redistribution of electronic charge that can be modulated by electric field. Typical of this class of compounds are the 4-dialkylaminostyrylpyridinium dyes, which exhibit the excitedstate reaction shown in Scheme 1. Importantly, 4Ј-dialkylamino3HFs, which exhibit the ESIPT reaction shown in Scheme 2, are also characterized by a significant excited-state charge transfer Scheme 1. Excited-state charge transfer in styryl dyes.
Scheme 2. ESIPT in 3HF dyes. in the N* state occurring from its 4Ј-dialkylamino to the 4-carbonyl group (28, 29) . This charge transfer process is consistent with recent solvatochromic (30) and electrochromic (25, 31) data. Moreover, in the ESIPT transition from the normal N* to the tautomer T* excited state 4-oxygen acts as a proton acceptor to form the excited-state 4-hydroxyl. As a consequence, the resulting T* state shows a small electronic charge separation (i.e., dipole moment), which explains the weak solvatochromism (30) and electrochromism (25) of this state. Accordingly, an applied electric field may substantially change the energy of the N* state, resulting in common electrochromic shifts, but only marginally influence the T* state. Moreover, because ESIPT in 3HFs is a fast reversible two-state reaction, the electric field should influence the distribution of excited species between the N* and T* states and therefore the emission intensities of the corresponding bands. Thus, if an electric field is applied to the 3HF chromophore, the N* state, depending on the direction of the field, will either be stabilized or destabilized with respect to the T* state and its relative intensity will either be increased or decreased. This provides the strong coupling between electrochromism and ESIPT, which was established in our previous study (25). This coupling implies that the shifts in the excitation spectra and the N* emission band are always accompanied by changes in the relative intensities of the N* and T* bands. Because the N* and T* bands are strongly separated on the wavelength scale, the changes of their relative intensities provide a much stronger change in emission color than the band shifts.
In biomembranes, the parallel orientation between ⌬ ជ and the dipole potential gradient (⌬F ជ ϭ ٌ ជ ⌿ d ) can be realized by achieving a vertical orientation of the chromophore to the plane of membrane. For optimal sensitivity to ⌿ d , the probe should be located at the level of maximal electric field gradient, probably on the level of the phospholipid carbonyl groups. The penetration depth can be controlled by the attached charged groups that interact with the lipid heads. This principle is realized in the most popular styryl dyes, di-8-ANEPPS (20, 21) and RH 421 (22, 23) . In contrast to styryl dyes, the positively charged anchor in 3HF derivatives is not a part of the chromophore, and therefore the connecting spacer may be of variable length. In addition, it seems to be possible to design probes with opposite orientations with respect to the bilayer plane. Their comparative studies may exclude spectroscopic effects of factors that do not depend on probe orientation with respect to the electric field vector such as polarity or viscosity.
Materials and Methods
Absorption spectra were measured on Cary 3 Bio and Cary 400 (Varian) spectrophotometers. Fluorescence spectra were recorded on an SLM 48000 (SLM-Aminco, Urbana, IL) spectrofluorometer. Phloretin, 6-KC, pluronic F-127, and egg yolk phosphatidylcholine (EYPC) were purchased from Sigma and used without further purification. Dimyristoyl phosphatidylcholine (DMPC) and 1,2-di-o-tetradecyl-sn-glycero-3-phosphocholine (DTPC) were from Avanti Polar Lipids.
The probe di-8-ANEPPS was purchased from Molecular Probes Experiments were performed systematically with large unilamellar vesicles obtained as described (32) . The final lipid concentration in all the experiments was 200 M in 15 mM Hepes buffer, pH 7.4. Probes were added to lipid vesicles, under stirring, at 1% ratio (mol͞mol) from millimolar stock solutions in DMSO for 3HF probes and in methanol for di-8-ANEPPS. Phloretin and 6-KC were incorporated into large unilamellar vesicles from millimolar stock solutions in DMSO ϩ 2.5% Pluronic F-127 according to the procedure described by Gross et al. (21) .
Results
The present research is based on application of the recently reported membrane 3HF probe F4N1 (27) and the newly synthesized BPPZ. Fig. 1 represents the structures of these probes together with their suggested location and orientation with respect to the phospholipid bilayer as determined from previous studies (27) by the parallax method and comparison with other membrane probes (33) . The probe F4N1 contains a small positively charged trimethylammonium group that can interact electrostatically with the lipid phosphate groups. Being anchored to the bilayer surface by this group, F4N1 extends its low-polar flavone moiety into the hydrophobic part of the bilayer. The large hydrophobic 4Ј-dibutylamino substituent favors an orientation of the chromophore orthogonal to the bilayer plane. The BPPZ probe is a close analogue of the previously described probe PPZ (27) . These probes are designed to orient oppositely in the membrane with respect to the probe F4N1. The additional benzene ring in the BPPZ molecule (with respect to PPZ) increases its hydrophobicity and screens its 4-carbonyl from hydrogen-bonding interaction with a protic environment (34) . This may increase the affinity of the probe for the membrane, decrease hydration of the flavone moiety, and provide its deeper location and more vertical orientation in the bilayer.
The excitation and fluorescence spectra of the probes F4N1 and BPPZ in EYPC vesicles are illustrated in Fig. 2 . For the probe F4N1, the excitation spectrum is represented by a single band, the position of which (at 421 nm) does not depend significantly on emission wavelength. The fluorescence spectrum consists of two strongly Stokes-shifted emission bands; one at the shorter wavelengths (500 nm) belongs to the N* form, and the other at the longer wavelengths (573 nm) belongs to the T* form. The presence of these two bands in comparable intensities is characteristic for different 3HF derivatives in phospholipid membranes (27, 35, 36) . The excitation spectrum of BPPZ in EYPC vesicles is blue-shifted with respect to that of F4N1 with a maximum at 397 nm, which is similar to that observed in ethanol. The position of the maximum is also almost independent of the emission wavelength. The fluorescence spectrum is represented by emission bands of the N* form with a maximum around 510 nm (appears as a shoulder) and of the T* form at 578 nm. The relative intensity of the N* band with respect to the T* band (I N* ͞I T* ) is significantly lower than that observed in the vesicles for the probe PPZ, (analog of BPPZ) which shows already a deep location in the bilayer (27) . Moreover, the absolute value of the I N* ͞I T* ratio in the studied vesicles corresponds to that for 4Ј-dialkylamino-3HFs in apolar solvents (30, 34) . These results suggest that the chromophore moiety of the probe BPPZ is deeply imbedded into the low-polar central part of the bilayer.
The dipole potential in EYPC vesicles can be modulated by the addition of phloretin and 6-KC, which decreases and increases its value, respectively (refs. 1, 2, 4, and 16-18 and Fig. 1 ). We observe that with the addition of 50% of 6-KC, the excitation spectrum of the probe F4N1 shifts by 7 nm (400 cm Ϫ1 ) to the shorter wavelengths. A similar blue shift (8 nm, 330 cm
Ϫ1
) is observed for the N* band emission, whereas almost no shift is detected for the T* band emission. These shifts are accompanied by a 2-fold decrease in the I N* ͞I T* ratio (Fig. 2) . As expected, all the spectroscopic effects in the presence of phloretin were opposite (the excitation spectrum and the emission bands shift to the red, and the I N* ͞I T* ratio increases) to those observed with 6-KC, in line with the property of phloretin to decrease ⌿ d . The sign and magnitude of the observed shifts in excitation spectra with the addition of phloretin and 6-KC are similar to those observed for di-8-ANEPPS (21) .
In principle, the addition of phloretin and 6-KC may change not only ⌿ d but also the polarity, viscosity, and hydration of the probe-binding site (16) (17) (18) (19) . Moreover, these additives also may interact with the probe directly. Because the effect of the vectorial parameter, ⌿ d , should depend strongly on probe orientation, in contrast to the other mentioned factors that are scalar and thus orientation-independent, it is important to study in the same conditions the probe BPPZ with opposite chromophore orientation in the bilayer. As expected, the spectroscopic effects observed with this probe on the addition of 6-KC and phloretin to EYPC vesicles are the opposite of those with the probe F4N1. The addition of 6-KC results in the red shifts of the excitation and emission spectra and also in a strong increase of the I N* ͞I T* ratio. The spectroscopic effects are opposite in sign but of similar amplitude to those observed with the probe F4N1. Meantime, the opposite effects of phloretin on BBPZ (blue shift of the emission spectra and decrease of the I N* ͞I T* ratio) are significantly smaller than those observed with the probe F4N1. These results suggest that the studied probes respond to the addition of 6-KC mainly due to the vectorial electrochromic effect, whereas the response to phloretin may also contain a contribution due to changes of the membrane properties and its direct interaction with the probes.
The discrepancy in the response of the two probes to phloretin prompted us to apply another approach to decrease the dipole potential in the bilayer: the substitution of the phospholipids with the corresponding ether analogs (ref. 10 and Fig. 1 ). According to our data (Fig. 3) , the probe F4N1 demonstrates significant red shift of the excitation spectrum (10 nm, 560 cm Ϫ1 ) obtained with vesicles composed of the ether lipid DTPC with respect to that obtained with DMPC vesicles. The same effect is observed with the reference probe di-8-ANEPPS. The shift in the case of F4N1 is accompanied by an Ϸ2-fold increase of the relative intensity of the N* band. This effect is observed for vesicles in both the gel (14°C) (data not shown) and liquidcrystalline (38°C) (Fig. 3) phases. As expected, the response of the probe BPPZ to the lipid substitution is the opposite. Although the shift in excitation again is smaller than with F4N1, the value of the I N* ͞I T* ratio is decreased almost 2-fold.
In view of the uncertainty in the absolute ⌿ d magnitude, its scaling in the present work is provided by the reference electrochromic probe di-8-ANEPPS. Commonly, the dipole potential changes are inferred from the shifts of excitation spectrum of this probe by measuring the intensity ratio at the edges of the spectrum, I 440 ͞I 530 (21) . To validate further the use of our probes for measuring the ⌿ d changes, we investigated the quantitative correlation between the di-8-ANEPPS response and the responses of our probes in the same experimental conditions. The shifts of the excitation bands of our probes can be evaluated in the same way as for di-8-ANEPPS. Thus, we chose for F4N1 the corresponding I 390 ͞I 445 ratio. Because the response for BPPZ is observed in the opposite direction, the reversed ratio was used, I 440 ͞I 380 . The correlations of these ratios with di-8-ANEPPS data are satisfactory for both F4N1 (Fig. 4A) and BPPZ (Fig. 5A) .
To analyze further the correlation with the ratiometric response at the N* and T* band maxima of emission spectra, we chose the ratios I 580 ͞I 500 for F4N1 and I 510 ͞I 570 for BPPZ. For F4N1, the linear correlation with the response of di-8-ANEPPS holds both in the case of ⌿ d modifiers and for the DMPC-DTPC substitution (Fig. 4B ). In the case of BPPZ, a good correlation is observed for the experiments with 6-KC and DMPC-DTPC, whereas the corresponding points with phloretin show some deviation (Fig. 5B) , which is probably due to the side effects of phloretin mentioned above.
Thus, we demonstrate that the response of the probes F4N1 and BPPZ both in excitation and emission spectra show quantitative correlation with the response in excitation of the reference probe di-8-ANEPPS for all types of experiments that modify ⌿ d . This provides strong evidence for the electrochromic mechanism of the response of our probes and makes them applicable for quantitative measurements of ⌿ d changes.
Discussion
The major idea in the background of this research is the development of a strategy in the design of fluorescence probes highly sensitive to membrane electrostatic potentials. This idea is realized successfully with ESIPT reaction in newly synthesized 3HF derivatives. Previously we demonstrated that a proximal charged group can dramatically modulate ESIPT reaction in 3HF, resulting in strong changes in the relative intensities of the two emission bands (25). In the present report we show that 3HF probes F4N1 and BPPZ inserted vertically in the lipid bilayer are highly sensitive to its dipole potential. Thus, increase in ⌿ d destabilizes the N* state of the probe F4N1, because its dipole orients against the field similarly to that of di-8-ANEPPS (Fig.  1) . This results in a blue shift of the excitation and the N* emission bands. Meantime, the T* state with much smaller dipole moment (30) is not affected. The relative destabilization of the N* state shifts the ESIPT equilibrium toward the T* state, leading to a dramatic decrease of the I N* ͞I T* ratio. In contrast, the N* state of BPPZ with an increase of ⌿ d is stabilized, which results in the opposite spectral effects. Importantly, the relatively small shifts in excitation and emission spectra are coupled with 5 . Correlation of the ratiometric response of probe BPPZ to the dipole potential with that of di-8-ANEPPS. Intensity ratios for BPPZ at the edges of the excitation spectrum, I 440͞I380 (A), and at the maxima of the emission spectrum, I 510͞I570 (B), are represented as a function of the excitation ratio I440͞I530 for di-8-ANEPPS. Experimental conditions and symbols are the same as described for Fig. 4 . Note that, because the response of BPPZ is opposite to that of F4N1, the corresponding ratios were inverted. strong variations of intensities of two well separated emission bands that result in amplification of the color-changing response.
We have to stress the unique properties of 3HFs as fluorescence probes. Because four distinct electronic states (N and T ground states and N* and T* excited states) and N* 7 T* reaction are involved in their fluorescence response, the different characteristics of the microenvironment (polarity, hydrogen bonding, and electric field effects) can be described by a number of independently measured spectroscopic variables such as the position of absorption (or excitation) and two emission band maxima and the I N* ͞I T* ratio (30) . Our results show that for the previously uncharacterized probes the excitation spectrum always shifts in accordance with the changes in the dipole potential, whereas in the case of the N* band there are several exceptions (Figs. 2 and 3) . The abnormal behavior of the N* band is connected with its strong solvatochromism (30) such that the excited-state relaxation effects could compensate for the electrochromic effects. This is probably one of the reasons why the probe di-8-ANEPPS shows lower electrochromic response in emission spectra compared with that in excitation spectra.
Application of the highly electrochromic ESIPT reaction (25) for the newly synthesized dyes allowed the achievement of a strong ratiometric response to ⌿ d in emission, which was not possible before with the application of probes operating by the chargeshift mechanism. Moreover, these probes allow recording changes in relative intensity of two well resolved separate bands, which is far more convenient and precise for two-color detection in spectroscopy and microscopy of the living cell than the recording of the ratiometric effects on the narrow regions of the band edges. Finally, the previously uncharacterized probes are prototypes of two-band fluorescent ratiometric probes for electric fields in lipid membranes that operate on ESIPT principle, and various possibilities are foreseen for improving their spectroscopic and sensing properties (37, 38) .
